The emerging field of nanophotonics initiated a dedicated study of single photon sources and optical resonators in new class of materials. One such material is zinc oxide (ZnO) that has been long considered only for classical light-emitting applications. However, it recently showed promise for quantum photonics technologies. In this review, we highlight the recent advances in studying single emitters in ZnO, engineering of optical cavities and practical nanophotonics devices including nanolasers and electrically triggered devices. We finalize with an outlook at this promising area, as well as provide perspectives and open questions in solid state nanophotonics employing ZnO.
Introduction
In the past decade, the search for a solid-state nanophotonics platform has intensified. Among promising candidates such as diamond and silicon carbide, zinc oxide (ZnO) has been utilized for several cutting-edge experiments in quantum optics and integrated nanophotonics. ZnO has a direct bandgap of 3.37 eV at room temperature with a relatively large exciton binding energy of 60 meV that positions it among the other wide bandgap semiconductors. The higher binding energy enhances the efficiency of light emission and it is no surprise that for many years, ZnO has been the focal point of light-emitting device studies. ZnO also exhibits excellent thermal conductivity and radiation hardness far exceeding that of GaN [1] . ZnO possesses a large number of extrinsic and intrinsic deeplevel impurities and complexes that emit light of different color, including violet, blue, green, yellow, orange, and red, that is, all constituents of white light [2] [3] [4] [5] [6] . The pos- sibility to obtain different emission colors from ZnO will be of potential for the development of white light-emitting diodes (LEDs), especially in its nanostructured form, is currently attracting intense global interest for photonic applications [7] .
With the importance of photons in generating spatially extended quantum states and the need for new sources of quantum light, we are specifically focusing on single-photon sources (SPSs). Thus, the need to characterize defects in ZnO is further amplified with the recent applications of ZnO as hosts of SPSs for quantum technologies [8] [9] [10] and their use in random lasing and other advanced sensing technologies [11] . SPSs that generate nonclassical states of light have been extensively explored over the past decade due to a variety of applications, including quantum cryptography, quantum computation, and metrology [12] [13] [14] . The use of SPSs in a quantum information application requires that there is only one photon in a specified spatial and partial mode.
In parallel to developing the SPSs, research into engineering of optical resonators had intensified [15] [16] [17] [18] . ZnO has a modest refractive index n =~2 that hinders the engineering of photonic crystals and on-chip optical structures (compared with Si or GaAs). However, an advantageous feature of ZnO is the ability to be grown and structured indifferent geometrics and shapes. In addition, it has excellent piezoelectric and electrical properties [19] [20] [21] . Among various kinds of optical resonators, cavities that support whispering-gallery modes (WGMs) are particularly interesting due to their ease of fabrication. They have been widely used to study light-matter interaction, non-linear processing, and other nanophotonics phenomena in ZnO [22, 23] . Other family of cavities, including photonic crystals are only emerging and are not as established as for the case of Si or GaAs [24, 25] .
Recently, it has been demonstrated that electrically driven light emission can be realized with homo-or heterojunction nanostructures, where carrier injection occurs across the p-n junction. The controlled fabrication of ZnO SPSs, together with a recent emission enhancement by coupling the light to plasmonic structures or cavities, is expected to progress the technology beyond the current state of the art and enable low-threshold lasers, integrated quantum photonics, and other practical quantum infor-mation and metrology devices. However, engineering efficient SPSs excited by electrically from ZnO is challenging and requires sophisticated fabrication conditions and optimization of implantation of the single-emitting defects. The greatest challenge for ZnO remains the fabrication of reliable, low resistivity, and stable p-type ZnO. As-grown ZnO is highly n-type, so the main problem is to consistently produce p-doped ZnO, and it represents the main efforts of current research. As a result, most of the currently developed devices are based on heterojunctions [26] [27] [28] . Excellent properties of ZnO can be best employed by building heterojunctions with other p-type semiconductors. Therefore, the growth of n-type ZnO on other p-type materials could offer an alternative way to realize ZnO-based p-n heterojunctions.
This review introduces the recent progress in ZnO research for nanophotonic applications and is organized as follows: Section 2.1 briefly summarizes the defect emissions from ZnO and Section 2.2 examines the generation of ZnO SPSs that should be studied before ZnO is used as a promising quantum platform. Section 3 covers a comprehensive range of topics pertaining to resonance in optical cavities, including WGMs, Fabry-Pérot modes (FPMs) and polaritons. Optical cavities resonating from ultraviolet (UV) to visible wavelengths based on ZnO cavities are reviewed. Finally, Section 4 includes electrically pumped lasers, random lasing, and heterostructures using photonics in ZnO are discussed. In this particular review, we do not discuss ZnO growth, doping, annealing effects on ZnO as these topics were covered in depth in previous articles [29] [30] [31] .
Investigation of single-photon emission for quantum photonics
ZnO has a characteristic emission spectra comprising of the UV emission and the broad defect-related band occurring at the visible area, which can be observed from various ZnO devices. So far, SPSs have only been identified in the red spectral range. Understanding the incorporation and behavior of point defects in ZnO is therefore essential to its successful application in photonic devices. Thus, this section describes defect emission from ZnO briefly, and then the generation of ZnO SPSs that have been demonstrated by antibunching characteristics and their statistics.
Defect-related color centers in ZnO
Defects in ZnO can strongly affect the electrical and optical properties of ZnO, including minority carrier lifetime, luminescence, and doping characteristics, and thus they are directly involved in the nanophotonics device properties. The deep-level band in ZnO mainly contains green, yellow, and red contributions. It is widely accepted that the emission occurs as a result of either native defects or unintentional impurities with point defects such as oxygen vacancy (V O ) or zinc interstitial (Zn i ), along with Cu interstitial, being investigated thoroughly. Red bands have mostly been observed in ZnO singlephoton emission. A red luminescence peak is observed in ZnO at 1.7-1.9 eV with a full width half maximum (FWHM) of 0.5 eV [6] ; however, this peak is reported less frequently than the green or yellow luminescence. The emission at 1.9 eV was proposed to be due to transitions related to oxygen interstitial (O i ) [32] , and the orange-red emission was recently attributed to transitions associated with zinc vacancy (V Zn ) complexes [33] . Experimental results associate this luminescence with oxygen-rich conditions [34] and red luminescence has been assigned to transitions involving V Zn , and due to transitions associated with Zn i [35] . Additionally, crystal-field splitting of transition-metal impurities can lead to internal transitions emitting red emission. Alvi et al. studied that the red emission at 1.75 eV (706 nm) may be attributed to the transition from V O level to top of the valance band in ZnO [36] . The calculated energy level of the V O in ZnO is 1.62 eV below the conduction band based on full-potential linear muffin-tin orbital method [37] .
ZnO exhibits yellow centered around 2.0-2.2 eV with a FWHM of 0.5 eV [6] . One explanation is that this has been attributed to transitions involving O i acceptors [38] . Another explanation for the origin of yellow emission is frequently reported in ZnO grown by hydrothermal methods where Li compounds have been used in the growth process [39] so a Zn(OH) 2 group attached to the surface of ZnO nanorods grown by chemical methods has also been proposed as a possible source of the yellow defect emission band in these samples [40] . At low temperatures, it has been attributed to donor-acceptor recombinations between shallow donors and Li Zn impurities that introduce deep acceptor levels (~0.8 eV above valance band minimum) [41, 42] into the bandgap.
The green band of the visible portion of the ZnO emission is centered at around 2.4 eV with a FWHM of 0.4 eV [6] , which is most frequently observed in luminescence spectra in ZnO. Thus, the green emission of ZnO has been widely assigned to a range of defects, including Zn i [38] , V Zn [43] , V O [44] , zinc antisite (Zn O ) [45] , as well as extrinsic impurities such as Cu impurities [46] . Cu is a major trace impurity in Zn metal used as a precursor material in ZnO growth accounting for the large number of reports on the structured green luminescence band. Following the works of Vanheusden et al. and Choi et al., the green emission was attributed to transitions from singly ionized oxygen vacancies (V + O ) [47, 48] . The origin of the green emission is still open and controversial, but there is strong experimental evidence that it is located at the surface.
These visible emission lines can be achieved by thermal annealing, doping, or plasma processes that can modify defect states. For instance, Li-doped ZnO produced yellow emission at 2.2 eV and Cu-doped ZnO contributed wide green emission with a sharp zero-phonon line (ZPL) and a broad phonon sideband [41, 49] . However, controllably engineering particular defect centers in ZnO is still challenging. Although the clear origins of the colorful emissions have not yet been elucidated, the suppression of them is possible. In Figure 1 , several possible levels of the visible emission in ZnO are summarized.
Single-photon sources (SPSs) from ZnO
Numerous color centers related to the defects or impurities have been studied, so ZnO can offer many potential candidatures for SPSs covering emission in the visible or near-infrared spectral range. At present, SPSs in ZnO have been observed ranging from 1.56 to 1.9 eV. Commonly, SPSs from ZnO are observed under the optical excitation and display photoluminescence (PL) emission at red-yellow region. Morfa et al. [9] first reported the generation of single-photon emission and antibunching, bunching, and spectral measurements from ZnO defects characterized in confocal microscope at room temperature. Subsequently, single-photon emission from ZnO nanoparticles was demonstrated in 2014 by two other groups [8, 10] . SPSs were induced by thermal annealing of ZnO nanoparticles or thin films to 500 ∘ C in air to induce the formation of color centers that produced a bright red fluorescence that preserve V Zn [50] . Single-photon emission characteristics were investigated at room temperature under ambient conditions using scanning confocal microscopy. Figure 2A shows a typical confocal microscopy setup of the ZnO samples obtained by 532 nm laser excitation. The fluorescence passes through a 50/50 beam splitter and is detected by one of two avalanche photodiodes (APDs). The delay between successive photon detection events at each APD is calculated by a time-correlated single-photon counting (TCSPC) module. Second order correlation function (g 2 (τ)) measurements were taken on the ZnO with an optical fibercoupled Hanbury-Brown and Twiss (HBT) setup to identify SPSs, while the PL spectra were collected. Figure 2B shows a typical confocal map of the ZnO nanopowder using a 532 nm excitation laser. Several bright spots ((D1 and D2)) are visible and correspond to localized bright fluorescent defects. The representative antibunching data for the two ZnO different samples are shown in Figure 3A and 3B. The second order correlation function, g 2 (τ) = < I(t)I(t) + τ > / < I(t) > 2 describes the probability of detecting a photon at a delay time, τ, given that a photon was detected at time, t, recorded from the same emitter using the HBT configuration. The degree of g 2 (τ) directly provides information of statistics of emitted photons and determines if the emitted photons are true SPSs. For an ideal SPSs, g 2 (τ) = 0. As can be seen from Figures 3A and 3B , the pronounced antibunching dip in the photon statistics at zero delay time indicates that the emission originates from a single-photon emitter. The deviation from 0 at g 2 (0) is attributed to the overall background luminescence. For the left sample, one emission line is centered at 1.88 eV and the other at 1.77 eV. For the right sample, the emissions are observed at 1.71 and 1.56 eV. The accumulation of electrons at the ZnO surface can change the conduction band level and alter the emitted photon energy. Thus, the blue-shifting of the emission from 1.56 eV (lower peak from the right) to 1.88 eV (higher peak to the left) can be explained by a changed conduction band level resulting from charge accumulation at the surface. It has been speculated that the mechanism involves the emission from the conduction band to V Zn trap. Other groups found the singlephoton emission ranging from around 1.55 to 2.21 eV. Jungwirth et al. measured 19 different defects in ZnO [10] and about 30 defect center locations have been investigated by Neitzke et al. [51] . They obtained antibunching curves with similar spectral range. The emission spectra of each study differs, so it is difficult to assign the origin of the single emitters. Ten of the 16 spectra investigated by Jungwirth et al. are well characterized by two gaussian distributed peaks separated by roughly 150 meV [10] . They found the location of the energy peak to be in the range of 1.82-1.97 eV for one of two peaks and 1.91-2.08 eV for the other peak. Single-photon emission has also been observed from sputtered ZnO thin film, which is promising for quantum applications because sputtered films can be quickly and easily engineered and thus can be readily integrated for quantum photonic applications. Sputtered ZnO thin film shows single emitters and emission arises at 1.9 eV, which can be attributed to similar defect centers from ZnO nanoparticles.
Investigation of isolated defects through a HBT interferometer also provides quantitatively new information. The lifetime of the emitters can be deduced from fitting the g 2 (τ) to the following equation, g 2 (τ) = 1 − exp(− τ 1 /τ), at low excitation powers, where τ 1 is the decay rate of the emitter. The calculated lifetime of the single emitters of ZnO ranges from 1.7 to 13 ns, which are comparable with other single defects in solids [52] . In particular, the photon statistics of the single emitters can be described with a frame of a two-or three-level system [53] . For the threelevel system, at higher excitation powers, bunching behavior is observed indicating the presence of a metastable (shelving) state. While the g 2 (τ) curve in Figure 3A shows antibunching behavior only, the g 2 (τ) in Figure 3B exhibits a pronounced bunching behavior, indicating emission occurs via a three-state mechanism. In this case, g 2 (τ) is fit to
Eq. (2.1), which has two exponential components. Therefore, for three-level system, the g 2 (τ) can be fit using a three-level system equation
where τ 21 and τ 23/31 are decay rates for radiative and the metastable states, respectively. A source for g 2 (0) > 1 is described as bunched since there is an enhanced probability of two photons being emitted within a short time delay. The calculated decay rates correspond to radiative lifetimes ranging from 1 to 5 ns and non-radiative lifetimes ranging from 40 to 429 ns, respectively. Choi et al. showed that only 10% of the observed emitters showing strong bunching behavior and emission from those defects was associated with a very narrow emission line [8] . However, Jungwirth et al. showed that 7 of the 14 nanoparticle-based defects studied displayed signs of bunching and one of the five sputtered film defects exhibited bunching [10] . Some of the emitters did not exhibit bunching behavior despite high excitation power. The two-level nature of selected emitters could be a significant system for metrological applications, because the g 2 (τ) does not exhibit bunching even at saturation. SPSs in ZnO defects are advantageous in terms of its visibility and stability. It has been shown that the red fluorescence of ZnO defect center is almost fully linearly polarized with high visibility (~85%) [8] . This is highly beneficial for employing SPSs for quantum communications as the information is encoded in the polarization state of the emitter. Furthermore, observed ZnO single emitters were stable for the duration of the measurement (∼10 mins) [8] , which is important for future quantum photonic applications [54] . The long-term optical stability of SPSs in ZnO is still under investigation, with some works suggesting blinking, while others found photostable emitters. Different treatment conditions can strongly affect on the formation of color centers in ZnO. For example, plasma treatment or annealing in different atmospheres and temperature can change emission properties, such as Zn-rich or Orich conditions [48] . In ZnO nanostructures, high temperature annealing (> 700 ∘ C) created other defects that showed strong green emission, rather than red emission showing SPSs.
The number of emitted photons or the fluorescence count rate of a two-level system can be deduced to quantify the single-photon efficiency. This is done by the overall count rate to extract the signal of emitters as a function of laser power, and then fitted to the saturation model for the power-dependent intensity ∅ = ∅∞Popt Psat+Popt where ∅ represents the single-photon count rate at a given excitation power (P opt ) and ∅∞ is the saturation count rate at optical saturation power (P sat ). The saturation count rate was determined to be 10 5 count rates/s with an optical saturation power of 1.46 mW [8] . Some emitters were brighter with count rates approaching 10 6 count rates/s. The photon statistics of the ZnO defect and its brightness are comparable with other solid state room temperature SPSs in terms of brightness, which can be advantageous for efficient quantum devices of the emitted light to external cavities, waveguides, or heterostructure devices. Emission from ZnO point defects is influenced by surface modification, such as hydrogen plasma treatment and coating with a polymer barrier layer. After exposure to the hydrogen plasma, the density of emitters increased by a factor of three compared with the untreated samples [8] . Hydrogen termination is likely to induce band bending, thus stabilizing or increasing the probability to populate the single emitter. Hydrogen also rapidly diffuses in ZnO [55] and can create local charge traps and defects that increase the formation of quantum emitters. ZnO nanoparticles that are coated with poly(methyl) methacrylate (PMMA) exhibited blinking behavior but did not bleach for more than 8 minutes. The emitters are influenced by the surface termination and can be switched on and off [56, 57] . It has been analyzed that the mechanism of the blinking can originate from conversion from low probability transition state to a meta-stable dark state or from a photo-induced charge conversion of the defect to a charge exchange with other impurities that may act as charge traps. Therefore, the quantum emitter from ZnO can be a different charged defect of the same emission that gives bright luminescence or related to transition-metal impurities that exhibit similar spectral emission [58] .
For clear understanding of the ZnO defects, low temperature PL measurement was performed by Neitzke et al. [51] . Sixteen defects from the same ZnO sample were investigated at 5 K and Figure 4 shows one of the PL spectra of the defects consisting of the shape of ZPL and a phonon sideband. The zero phonon lines correspond to the direct electron transition within the ZnO bandgap. The spectral width of the measured ZPL is 0.08 nm, so 8% of the total phonon-broadened emission is emitted within the ZPL. Since the measured width was the limitation of the spectrometer, it has been suggested that more accurate values of the width can be obtained by PL-excitation spectroscopy [59] . The fast dynamics of the intensity fluctuations are reduced at cryogenic temperatures around 5 K. Therefore, the phonon side bands are reduced and the emission between 8 and 14% of the emission comes from the ZPL, which is attributed to Debye-Waller factor of a defect. The measured g 2 (τ) from a single defect exhibits antibunching with a similar g 2 (τ) with the room temperature measurement shown in Figures 3A and 3B , but no bunch-ing behavior was observed at 5 K. To investigate spectral diffusion and jump behavior of the ZPL accurately [60] , power-dependent spectral jump of ZPL has been measured. The temporal behavior of the ZPL is captured by continuously measuring spectra at an exposure time of 1 second. It has been shown that the central position of the ZPL jumped within a spectral window of a few nm to locations evenly spaced by 0.5 nm. Figures 4B-4D show that the frequency of jumps and the jump distance increase with increasing power. The smallest energy jump distance is 1 meV, which is sufficiently below the phonon-assisted energies in ZnO that ranges from 10 to 100 meV [61] . They suggested the spectral jumps were attributed to ionization of shallow charge traps by excitation source, not to jumps between different structural defects in ZnO lattice because the observed results have similar behavior of spectral diffusion and jumps in nitrogen vacancy centers in diamond nanocrystals [59, 62] . As phonon-assisted decay channel is reduced at low temperature, the lifetime is increased by three times compared with the calculated lifetime at room temperature, and thus the saturation intensity is reduced (not shown).
ZnO optical resonators
In the previous section, we highlighted several promising SPSs in ZnO. The next step is coupling those emitters to optical cavities. We start our discussion by reviewing optical cavities of ZnO. Optical cavity is one of the important factors for light emission in optical materials and devices. It confines and stores the light at resonance frequencies determined by its configuration. The flexible control technique of ZnO growth facilitates bottom-up engineering of ZnO optical cavities with various geometrical shapes and sizes such as tetrapods, tapered nanowires, and mushrooms [63] [64] [65] . In this review, we focus on optical resonators as they offer high quality (Q) factors and are easily fabricated. In addition, FPMs or polariton cavities have also been widely studied in the field of cavity quantum dynamics with the demonstration of the strong coupling regime [66] . Since this is a rapidly growing field and some potential applications have been achieved, this chapter reviews the state-of-the-art research activities about the WGMs and other cavity effects of ZnO.
WGMs from ZnO nanostructures
WGMs have been demonstrated in recent years, allowing light to be confined within small dimensions with high finesse. In the case of resonators, the light is trapped inside the cavity by multiple total internal reflections at the interface near the structure and the surrounding medium, resulting in light circulation around the cavity in the inner walls of ZnO structures [67] . Due to a lower loss and better confinement, ZnO WGMs cavity is expected to demonstrate a high Q factor and relatively simple fabrication [68, 69] . So far, WGMs have been observed in various ZnO nanostructures such as triangular [70] , hexagonal [71] , or dodecagonal [72] cross section. The different types of WGMs differ by the length of their closed optical pathway, the angle of incidence impinging light wave fronts on the cross section boundary, and the number of reflections at boundary that give rise to phase shifts of the light waves for each total internal reflection. Spherical shape of ZnO optical cavity has been reported [73] , however, most of ZnO nanostructures in which WGMs have been observed so far exhibit hexagonal cross sections that reflect the hexagonal wurtzite crystal structure. The WGMs emission have been investigated in hexagonal ZnO micro and nanodisks [68, 74, 75] , nanonails [76] [77] [78] , and wires [79, 80] . Figures 5A-5E show some secondary electron microscope (SEM) images of ZnO optical cavities. Some key research findings about the WGMs from ZnO nanostructures are discussed. There are several investigations about the enhancement of visible emission from ZnO by WGMs [76, 81] . The graph in Figure 5F shows luminescence spectra of the visible emission band enhanced due to a preferred constructive interference of light. It also presents resonance spectra of polarization-resolved µ-PL spectra of ZnO microcavities. Polarization-resolved µ-PL spectra of an individual ZnO microwire are shown while the topmost, green curve in Figure 5F is unpolarized. The spectra detected for transverse magnetic (TM) and transverse electric (TE) polarization are shown in the lower two curves. It can be seen clearly that the emission is modulated with resonance lines of different width and spacing. Due to the refractive index difference between TE (electric field perpendicular to wire axis) and TM (electric field parallel to the wire axis) mode, the positions of resonance peaks are different. cavity have been reported [71, 77, 82] . The mode spacing ∆λ is given by [83] 
where λ is the resonant wavelength, L is the cavity path length and is a dn dλ is Sellmeier's first-order dispersion relation. The wavelength-dependent refractive indices of ZnO at the TM-WGMs polarization and TE-WGMs polarization are expressed as the Sellmeier's dispersion function [84] , where n(λ) TM and n(λ) TE are refractive indices of ZnO for TM mode and TE mode, respectively. The luminescence spectra can be fitted to a sum of peaks using the Lorentzian deconvolution method that each peak represents an individual luminescence peak. Second analysis is the spectral resonances of the observed modes. Considering the refractive index of ZnO and the size of cavity, the total phase shift of the wave along its path has to be an integer multiple of 2π for generating the interference. The constructive interference condition is given by [82] λ WGMs = 3
where R is the radius of outer circle of the resonator, N is the resonance interference order, β = n −1 for TM polarization and β = n for TE polarization [85, 86] . Figure 6A shows a spatially resolved cathodoluminescence (CL) spectrum from an individual ZnO nanonail head with a side length of 794 nm. The position marked by a cross in the inset is examined by the CL. Most of the CL peaks were identified as TM-and TE-WGMs through the systematic analysis based on the mode equations and Sellmeier's dispersion functions ( Figures 6B and 6C) . Some of local polarizationdependent experiments show that the WGMs are preferentially TM polarized, since detecting TE polarization causes an almost complete suppression of WGMs modulations. However, other works investigated that the WGMs observed from the ZnO microdisks were mostly TE polarized [85, 87] . Figure 6D shows the dependence of the WGMs on the size of the ZnO wires. It can be seen that the positions of the TM-polarized resonant peaks agree well with the theoretical values for different wire diameters. The symbols are the experimentally observed peak positions with the interference orders, while the curves are the calculation from the Eq. (3.4) . A larger size will lead to smaller interference mode spacing and higher interference orders observed in the same spectral range [80] . In addition, it has been studied that with decreasing diameter, these maxima peaks continuously shift to higher energies. The size dependence of the mode spacing shows that the increased emission from ZnO WGMs is not related to increased surface emission described in ZnO nanowires due to surface band-bending effects or an increased concentration of surface defects [88, 89] . For previously studied WGMs, the mode spacing values are significantly smaller than the longitudinal optical phonon energy of 72 meV, thus the emissions are not attributed to the vibronic states as previously reported [90] . For WGMs, the Q factors of visible emission from ZnO structures range from 20 to 90. The low Q factor can be mostly due to the broad visible emission and poor vertical confinement of light and contribution from losses such as light absorption.
It is also possible to observe the resonance effect of ZnO emission in UV region [91, 92] . Figures 7A and 7B show the confocal PL images of a ZnO microdisk measured at 383.6 nm at room temperature and at 370.1 nm at low temperature, respectively. Another monochromatic CL image of a ZnO nanodisk at 378 nm is shown in Figure 7C . As can be seen from the images, the intensity distributions of the disks are not uniform and are only concentrated at the hexagonal boundary of the disks. The enhanced UV emission is attributed to the total internal reflection of light within the disks when light impinges on the interfaces. Such an enhancement can be associated with the presence of WGMs. The intensity profile across the corresponding nanodisk is shown in Figure 7D and the stronger intensity near the boundary can be clearly seen, which is ascribed to WGMs emission. The darkened area is one-quarter of the total area under the intensity profile and the percentage of WGMs enhancement in the total luminescence at 378 nm is approximately 25%, which is in good agreement with the result obtained from the spatial distribution of luminescence intensity. Spectral analysis in Figure 7E shows string UV emission of CL spectrum of a vertically grown isolated hexagonal microdisk and Figure 7F shows theoretical analysis from the UV emission in Figure 7E . It can be seen that the emission peak positions match the theoretical modes very well, which confirms the WGMs phenomenon. From the best fit of the experimental data, a cal- culated value for the diameter is close to the size of the ZnO microdisk. Accurate values for the WGMs peak positions can be determined at the intersections of a series of solid lines for different mode number N (from 202 to 212). Interestingly, Moriangthem et al. fabricated ZnO microsphere that exhibited WGMs evolution in both entire visible range as well as near UV region with narrow resonance peaks [73] . Using size dependence observation and theoretical comparison with experiments, comprehensive investigations were performed to confirm that the emission was from WGMs. The Q factors of WGMs in UV region were higher than that of visible emissions, ranging from around 100 to more than 4000.
Additional ZnO optical cavities
In addition to WGMs from ZnO nanostructures, other types of ZnO resonators were studied. In terms of geometrical optics, FPMs and quasi-WGMs are formed when the light ray strikes top and bottom planes of the cavity and the boundary at 30 ∘ (incidence angle of 60 ∘ ) relative to the normal to the boundary surface, respectively. The FPMs have been permitted to ZnO nanostructures, but the probability to observe them is low. More likely, in elongated structures, such as wires or tubes, FPMs occur perpendicular to the cross section plane by reflections between the wire end facets in nanowires with constant diameter [93, 94] , but have also been demonstrated in tapered nanowires [95, 96] . The standing waves are formed whenever the cavity contains an integral number of half wavelengths. For the cavity with a length of L, this condition is expressed by
where N is the interference order. Thus, the optical pathway for constructive interference is in this case equal to twice the cavity length. Similar to WGMs, FPMs also can exhibit high Q factors and thus show lasing action in ZnO nanostructures [97] . One of the studies of FPMs of ZnO is ZnO microstructure with hexagonal cross sections as novel optical resonators [98, 99] . Optical study of the ZnO microrods is carried out under a confocal µ-PL spectrometer and a broad PL signal in the range of 360-700 nm is observed in Figure 8A . The modulations can correspond to the several resonant optical modes because of its geometrical shape. From the point of view of geometrical optics, four kinds of resonant cavity modes, WGMs, horizontal-FPMs, quasi-WGMs, and vertical-FPMs, could be formed in such microcavity as shown in the right inset of Figure 8A . For FPMs, two different directions of light can be studied. While light travels back and forth between the two narrow opposite sides of the microrod (horizontal-FPMs), light can also travel between the top and bottom planes of the microrod (vertical-FPMs). For WGMs, quasi-WGMs, and horizontalFPMs, it was deduced that the calculated path lengths were all much larger than the observed value in the experiment, which indicates that the resonant modes were not from WGMs, horizontal-FPMs, and quasi-WGMs. For the vertical-FPMs, the height of the microrod is consistent with that obtained in the theoretical analysis based on the measured resonant modes. Furthermore, the PL spectra of ZnO with different heights were measured to investigate the relationship between the resonance modes and the sizes of the microcavities. As shown in Figure 8(B-D) , the PL signals in UV and visible spectra range are clearly modulated by varying the size of the cavity. It is interesting that a series of FPMs can be clearly identified in such a vertical microcavity with a short effective length. The number of FPMs increases clearly with increasing height of the cavity based on the Eq. (3.1). In addition, the width of the mode peak significantly decreases as the microrod height enlarges, indicating that an increase in the cavity height can improve the mode quality. Again, same as the WGMs, the size dependence of the emission confirmed that the emissions are not related to the vibronic states.
A ZnO nanowire showed a series of FPMs in Figure 8E . The spectra detected at both wire ends are identical and consist of a series of peaks that can be enhanced by FPMs [100] . The spectrum can be fitted to a sum of Lorentzians, where each Lorentzian represents an individual luminescence peak. Below 3.22 eV in the region with pronounced peaks, light is predominantly emitted at the wire ends as shown in Figures 8F and 8G . Since the emission spectra at both of the nanowire ends feature a series of identical peaks, it is possible that they reflect standingwave modes in the ZnO nanowire. Therefore, the luminescence spectra detected at the nanowire ends are attributed to the FPMs with the wave vector parallel to the wire's long axis. Further analysis showed that the modes are polariton eigenmodes situated on the lower polariton branch.
ZnO possesses outstanding optoelectronic properties such as exciton resonances due to spin-orbit coupling in the crystal field with a large oscillator strength and a large exciton binding energy~60 meV [101] . Thus, ZnO can be one of the most potential candidates for realization of exciton-polariton emission [102] . Inside a suitable optical cavity or photonic crystal structure, excitons can strongly couple with the cavity mode and form cavity polaritons. As a result, it is likely that the light-matter interaction between optical modes is strong and therefore, excitonic polariton effect can be beneficial for proper understanding of the UV luminescence spectra of ZnO nanostructures [103] . These polariton cavity modes exhibit a hyperbolic dispersion relation in the plane of optical resonator [104] . The dispersion curve of exciton-polariton in optical cavities can be obtained by measuring the reflectivity or PL. For strong exciton-photon coupling in ZnO, thin films and nanostructures have been investigated from angle-dependent absorption, reflection, and luminescence spectroscopy at room temperature and cryogenic temperature [105] [106] [107] . In addition, some findings of polariton lasing have been studied in various microcavities, including the WGM microcavity [107] [108] [109] [110] . For example, the strong coupling regime was observed from a ZnO tetrapod in WGM cavity as shown in Figure 9A .
Interestingly, a tapered arm of the ZnO tetrapod has a varying radius, which leads to a different energy and the number of orders of WGM cavity by choosing different positions on the tapered arm. Therefore, µ-PL scan was used to investigate the polariton emission along the tetrapod ( Figure 9B ). PL mapping clearly shows the modulation of UV luminescence, indicating excitonic polaritons resulting from a strong coupling between WGMs and excitons in the cavity, relatively low energy side for WGMs, and higher energy side for exciton-polariton branch. Recently, strong coupling regime from WGMs ZnO microrod cavity has been reported [108, 110] . To understand the spectral nature in UV emission region, polariton effects that are induced by the interaction between optical modes and excitons should be considered. It is expected that the different polarized modes relate with different polarized free excitons (A, B, and C exciton). In the coupling oscillator model, the polariton dispersion and the refractive index can be described in the simple dielectric approximation form as:
where the ε∞ is the background dielectric constant, ω i,L and ω i, are the longitudinal and transverse resonance frequencies, respectively, at k = 0, Γ i is the damping constants, c is speed of light, and Ω i is a parameter determined by the longitudinal and transverse resonance frequencies [105] . According to the exciton-polariton dispersion, the exciton-polariton dispersion curve was separated into upper polariton branch (UPB) and lower polariton branch (LPB) as shown in Figures 9C and 9D . The energy positions of the two enhanced peaks correspond to the bottom of the UPB and the transition region of the LPB, respectively. Besides WGMs polaritons, PL investigations of quasi-WGMs polaritons in a ZnO microrod have also been studied [111] . The quasi-WGMs were shown at the UV region where the cavity modes strongly couple with excitons and form polaritons. The calculated dispersion re- (E-H) Measured spectra and peak intensity and linewidth versus pumping intensity at regime III and IV pumping condition. The insets in (E) and (F) display the optical microscope images of pumping spot on ZnO microcavity of regime III and regime IV, respectively. Reproduced with permission from Ref. [122] . SEM: secondary electron microscope; WGMs: whispering-gallery modes.
lations showed the A-exciton resonance for the cavity polaritons showing good agreement with the experimental data points. Scanning µ-PL measurement was performed along the c-axis of the microrod to confirm the fine structures and explore their physical mechanism.
Nanophotonic devices from different colors in ZnO
We now discuss several applications of the photonic devices-focusing on amplified spontaneous emission, lasing, and electrically driven devices.
Lasing action in ZnO
Numerous reports on stimulated emission in ZnO have been published. Important to note, however, that majority of the works in the literature only report on amplified spontaneous emission (ASE), rather than lasing [112, 113] .
A dominant line in luminescence spectrum does not mean lasing and it is critical to see the change from linear to ASE as well as from ASE to lasing on a log-log plot of the light-in light-out plots [97] . WGMs ASE in the excitonic UV band was shown by Czekalla [79, 114] and others. Hierarchical structures such as nanotubes and nanowires [115] or ZnO nanoplate-nanowire architectures [116] have been studied as new directions for integrated device applications. In recent years, the ASE has been investigated in ZnO powders and patterned films as well with incoherent and coherent feedback in the gain media [117, 118] . UV laser of ZnO has been observed in powder, thin-film, and nanowire samples based on the positive feedback in random and Fabry-Pérot cavities [119] [120] [121] . Due to the difficulties in achieving high Q ZnO samples, the distinct WGMs lasing was observed from individual ZnO microwires at low temperature [79] . Following this work, more relevant investigations have been carried out and the performance of WGMs lasing has been improved remarkably, which can be observed directly at room temperature from different ZnO nano/microstructures with hexagonal cross section. By changing the excitation density, the transformation from spontaneous emission to stimulated emission can be observed. Very recently, a membrane-type ZnO microcavity was fabricated and characterized [122] . Figure 10A depicts a schematic diagram of the ZnO membrane-type microcavity and corresponding pumping schemes. Through changing the pumping regime, manipulation of P-band exciton lasing and WGMs lasing could be easily achieved. The calculated vertical optical field distribution shown in Figure 10C was obtained using the transfer matrix method. To observe the triggering condition of P-band exciton lasing and WGMs lasing, four types of pumping scheme are studied as shown in Figure 10D . Thus, the WGMs could be manipulated by modifying the size and position of the pumping laser. The insets of Figures 10E and 10F show the optical microscopy images of a large pumping spot at the center (regime III) and at the edge (regime IV) of the ZnO microcavity, respectively. For pumping regime III, the pumping spot showed a larger WGMs overlapping to a higher order WGMs compared with pumping regime I because of the larger pumping area, which was useful for triggering the WGMs lasing. The spectra in Figure 10G shows a non-linearly enhanced intensity and a linewidth-narrowing behavior, as the pumping exceeded the threshold. The single-mode lasing behavior of regime III was attributed to the edge accumulated WGMs characteristics. As the pumping spot was moved towards the edge of the microcavity (regime IV), additional WGMs were excited. In Figure 10H , two WGMs were excited and lased above the threshold as a result of the edge-pumping scheme. An intensity saturation of this dominant peak was related to the gain competition with another lasing peak.
Recently, stimulated emission from FPMs has been investigated from ZnO nanostructure cavities that are composed of waveguides and end-facet mirrors [123] [124] [125] [126] . Figures 11A-11C show the sample morphology and transmission electron microscopy (TEM) images of ZnO nanoribbons. Figure 11D shows a far-field emission image of another nanoribbon and Figure 11E shows the PL intensity as a function of excitation power. At a low excitation power density, broad UV emission is observed at around 387 nm. With the assumption that this nanoribbon is supported as FPMs optical cavity, the calculated value is almost in well-agreement with observed mode spacing of 0.85 nm obtained from the difference between peak to peak. Thus, it confirms the formation of longitudinal FPMs cavity by the reflection at the end two facets of the nanoribbon. As increasing the excitation power density, the intensity of these peaks became strong and additional lasing mode appeared between the energy peaks ( Figure 11F ). Figures 11H-11K show another optically excited ZnO nanowire below and above lasing threshold. It is clearly seen that the nanowire is directed by spontaneous emission below threshold across the whole nanowire surface with the uniform and broad light, but exhibits only two light sources of stimulated emission at the nanowire end of facets above threshold indicating the light interference due to FPMs. The emission even displays diffraction patterns indicating high spatial coherence [127] . From the PL spectra in Figures 11L-11O , the broad emission altered to a sharp peak with mode spacing on increasing the excitation intensity.
Additionally, other nanostructures such as pillars [128] , hexagonal nanorods [129] , and tetrapods [130, 131] were demonstrated to show laser activity. However, most of the lasing is observed at the UV region. Visible lasing from ZnO nanostructures has not been reported, although white light and visible luminescence were observed from ZnO nanocolumns grown on Au-coated tinoxide glass [132] . The observed lasing emissions related to FPMs cavities were confirmed by the directionality of the emission, lasing threshold and mode spacings. Figure 12A shows the SEM image of ZnO nanocolumn and Figure 12B is the corresponding PL spectrum obtained at different pumping intensities. The curve, which is above the threshold pumping intensity, exhibits a number of peaks that occurs only at the modal frequencies of the cavity. The cavity mode features are due to laser action within the solid ZnO nanocolumns based on the mode spacing calculation.
Multiple scattering of light can be achieved in a disordered medium within gain and thus, light amplification can be enhanced by modifying the path length and dwell time of light in an active medium [133] . It is called random lasing that the light is amplified along the closed and optical loop feedback paths by the repeated scattering at the boundaries. These pathways can also advance in disordered dielectric media when scattered light interferences produce positive coherent feedback for lasing oscillation [134] . Optical gain should be larger than losses to achieve random lasing. It has been studied that the scattering free-mean-path should be reduced below the wavelength of the light [135] . As a result, the probability that light returns back to the position where it has been scattered before is increased [119] . In addition, emission properties with changing laser spot sizes should show a different number of lasing peaks in the emission spectra because the change of the spot size affects the number of closed loop paths. Since closed loop past shows different output directions, modification of emission angles also influences on the emission spectra. Random lasing has been demonstrated in several ZnO nanostructures, such as ZnO powder [119, 136] , ZnO nanowires [23] , ZnO nanoparticles [137] , or polycrystalline ZnO thin films [135, 138] . Figures 13A-13C show an example of random lasing showing the evolution of the emission spectra as the pump intensity was increased. As the pump intensity was increased, the emission peak became narrower due to the preferential amplified emission at frequencies close to the max- imum of the gain spectrum. When the pumping intensity increased higher than the threshold, distinct narrow peaks appeared on top of the broad spontaneous emission peak. The linewidth of these peaks is less than 0.3 nm, which is much smaller than the width of the spontaneous emission peak. When the pump intensity was further increased, additional narrow peaks emerged. Unlike a conventional laser, laser emission from the ZnO nanostructures could be observed in various directions. As shown in Figures 13D and 13E , the laser emission spectra changed with the detection angle. As different laser cavities formed by multiple scattering obtain different output directions, lasing modes observed at different angles can be different. Additionally, Cao et al. studied micro-random lasers with disordered and closely packed ZnO nanoclusters [139] . Figure 13F shows a nanocluster of size ∼2 µm. The ZnO nanoparticles have an average size of 50 nm. When the pump intensity exceeded a threshold, a sharp peak ap- peared from the emission spectrum in Figure 13G . Simultaneously, some bright spots appeared with light distribution in the nanocluster in Figures 13H and I which show the images of the light distribution on two planes with different depths inside the nanocluster. Two images show different emission behavior indicating that these bright spots can be buried with different depths inside the nanocluster. These images demonstrate three-dimensional localization of laser emission in the random medium. This threedimensional light confinement could be realized through the process of multiple light scattering and wave interference. When the pump intensity was increased further, well above the threshold, a second sharp peak appeared in the emission spectrum (not shown) and the total emission intensity increased with the pump intensity.
Hybrid / heterostructures
Regarding the electrically driven light devices and lasers, the fabrication of high-quality p-type ZnO remains a great challenge. Due to the p-type doping problem, many researchers reported on the heterostructures with n-type ZnO grown on p-type materials of Si, GaN, and conducting oxides [27, 54, 140, 141] . Among the possible heterostructures, the structure ZnO/GaN has attracted extensive interest [142] [143] [144] because device structures such as n-ZnO/pGaN can be readily realized because the lattice mismatch between ZnO and GaN is modest (1.9%) [145] . Another alternative p-type material is Si [146] . Some of the heterostructure devices are shown in Figure 14 .
One of the most promising applications of the ZnO-based heterostructure is for UV light-emitting devices [147] . Figure 15A shows EL spectra of the ZnO nanowires/p-GaN heterostructures with forward bias, exhibiting emission peak centered in the UV at 397 nm. The EL emission significantly increased from the emission threshold (~4.4 V) and is slightly red-shifted compared with the PL emission of ZnO and GaN. The top inset in Figure 15A shows there is no short circuit in the constructed device, the UV emission is most likely attributed to radiative recombinations in ZnO from the heterojunction. Above 6 V, the violet-blue emission is easily observed with the naked eye as shown in the bottom inset of Figure 15A , imaged with a CCD camera. The round-shaped spot is originated from the whole disk-shaped ZnO nanowires layer. Most previous works exhibited a strong EL emission from forward bias beyond 10 V at higher wavelength [148] [149] [150] [151] [152] . Another study showed different EL behavior from other nZnO/p-GaN heterojunctions where the EL generated only from either the n-ZnO or p-GaN side [143] . EL spectra from the n-ZnO/p-GaN:Mg exhibited the superposition of light emissions from both the n-ZnO and p-GaN layers. The competition between the EL from the n-ZnO and the pGaN can be explained by difference in carrier concentration and emission efficiency between n-ZnO and p-GaN, as well as the interfacial layer [143] . To improve the emission of n-ZnO-based heterojunctions, double and triple heterostructures such as MgZnO/ZnO/AlGaN/GaN were fabricated with strong emission at 390 nm [153] , and a hybrid n-MgZnO/CdZnO/p-GaN structure with a quantumwell structure [154] . Visible EL can also be observed from ZnO/GaN heterostructures [155] . The ZnO nanorod arrays were grown on p-GaN layer using metal-organic vapor phase epitaxy without the catalyst. ZnO nanorods are fabricated vertically well on the GaN layer due to a low lattice mismatch. EL spectra from the heterojunction were measured at different reverse-bias voltages as shown in Figure 15B . By increasing the reverse-bias from 3 V, the yellow emission appeared and increased and blue and UV emission were also observed. The EL emission peaks of the visible (yellow and blue) emission can be attributed to a defect-related emission and a radiative recombination related to Mg acceptor in Mg-doped GaN, respectively with the comparison to the PL results of ZnO nanorod array on p-GaN layer. On the other hand, Klason et al. used p-Si to obtain visible luminescence. They reported the EL spectra obtained from ZnO nanodots/p-Si heterojunctions [156] . White light EL consisting of a blue light at 450 nm and a broadband around 550 nm from n-ZnO/p-GaN heterojunction was also reported [157] . Alvi et al. also investigated the n-ZnO nanostructures (nanowalls, nanorods, nanoflowers, and nanotubes)/p-GaN white light emission systematically [158] . EL spectrum of ZnO-heterostructures showed three peaks positioned at violet, and violet-blue emission with some visible emission as well.
The electrically pumped WGMs ASE from hexagonal ZnO has been recently reported [159] . Figures 15 (C-H) show the schematic procedure for fabricating a ZnO microrod/GaN microlaser diode and its SEM images. A thin film of 20 nm Zn was sputtered between the p-GaN substrate and the ZnO microrod and the film was put into a ZnO buffer layer after annealing process to contact between the ZnO microrod and the GaN substrate. Figure 15I shows I-V rectifying curve of the device and the inset is the energy bands diagram of the n-ZnO/p-GaN heterojunction. Figure 15 (J-L) shows the room temperature EL spectra of the device at different applied current and insets are an EL image at the current of 15 mA and the EL intensity profile against the current. As applied current was increased, 4 distinct sharp peaks occurred from the EL band indicating that ASE appeared. When the current is applied to 15 mA, more obvious resonant peaks emerge on the spectrum and the emission intensities significantly increase. Based on the calculations using plane wave model, it has been confirmed that the resonant sharp emission peaks originate from WGMs emission through the electrically driven ZnO microrod on GaN. Even though Q factor from EL is lower than that from PL, this could be a promising candidate for electrically pumped microlaser diodes.
Conclusions and outlook
In summary, this review provides an overview on recent developments of the quantum photonics, optical cavities and devices based on ZnO nanostructures. First of all, SPSs from ZnO nanoparticles and sputtered thin films are presented through PL and HBT measurements. ZnO clearly shows quantum behavior and bright fluorescence with high count rates. The emitters are stable under optical exciation, thus can be used for quantum photonic applications. The origin of the emitters has not been determined yet, but low temperature measurements suggest that the emitters could be localized charge traps.
Secondly, cavity effects including WGMs, FPMs and polariton emission are reviewed. Because of the cavity effects, luminescence spectra of UV and visible could be modified and amplified. Enhanced light emissions are observed from both UV and visible regions from ZnO optical cavities with high Q factors in UV and moderate Q factors in visible area, respectively. Achievement of optical cavity with high Q factor should be able to provide a good platform for nanophotonic applications.
Finally, recent key findings on ASE, lasing effects and hybrid heterostructures are discussed. ASE and lasing phenomena have been mainly observed in the UV region from various ZnO nanostructures while hybrid structures of ZnO/GaN heterojunction yielded emission across visible spectral range. This electrical excitation also offers WGMs ASE, which can provide the idea of fundamental building blocks in low threshold lasing.
Even though ZnO attracts a considerable interest across nanophotonics and material science, there are still important issues that are in need of further investigation before this material can be used in practical devices. New ideas of fabrication techniques are required to achieve high Q factor cativies with a proper undercut. Dedicated studies to correlate between growth conditions, SPSs generation and device performance will be a crucial step in developing ZnO nanophotonics technologies. Lower excitation wavelengths (∼400 nm) could provide visible single photon emission at the green spectral range. Finally, ZnO that hosts single emitters should be integrated with proper p-type heterostructures to generate EL.
Very recently, Konidakis et al. presented ZnO nanolayers synthesized inside the capillaries of a photonic crystal fiber [160] . The periodic photonic crystal structure confines the light propagation through the fiber, thus light loss can be reduced. This structure can be potentially used in an innovative approach to fabricate ZnO cavities, exploiting lasing properties such as random lasers. Further opti-mization in synthesis of ZnO nanostructures, and device engineering will pave the way to employ ZnO in 21st century quantum photonic technologies
